Background. Individuals with stroke often sustain bone loss on the hemiparetic side and are prone to fragility fractures. Exercise training may be a viable way to promote bone mineral density (BMD) and geometry in this population. Objective. This was a pilot study to evaluate the effects of a 6-month treadmill exercise program on hip BMD and tibial bone geometry in chronic stroke survivors. Methods. Twenty-one individuals with chronic stroke, with a mean age of 64.5 years and mean poststroke duration of 8.3 years participated in the study. The treatment group underwent a treadmill gait exercise program (two 1-hour sessions per week for 6 months), whereas the control group participated in their usual self-selected activities in the community. The primary outcomes were hip BMD and bone geometry of the midshaft tibia on the paretic side, whereas the secondary outcomes were gait velocity, endurance, leg muscle strength, balance self-efficacy, and physical activity level. Mann-Whitney U tests were used to compare the change in all outcome variables between the 2 groups after treatment. Results. Significant between-group differences in change scores of tibial cortical thickness (P = .016), endurance (P = .029), leg muscle strength on the paretic side (P < .001) and nonparetic side (P < .001), balance self-efficacy (P = .016), and physical activity level (P = .023) were found. Conclusion. The treadmill exercise program induced a modest improvement in tibial bone geometry in individuals with chronic stroke. Further studies are required to explore the optimal training protocol for promoting favorable changes in bone parameters following stroke.
Introduction
Secondary hemiosteoporosis is well documented among stroke survivors. [1] [2] [3] [4] Recent evidence also suggests that poststroke hemiplegia may induce unfavorable changes in bone geometric properties on the hemiparetic side. [5] [6] [7] Such alterations in bone mineral levels and bone macrostructure may partly account for the exaggerated risk of fragility fractures in the stroke population. [8] [9] [10] [11] It is, therefore, important to search for safe and effective strategies to enhance bone density and geometry in people with stroke.
Mechanical loading is a powerful stimulant for bone formation. 12 Muscle contractions and ground reaction force produced during physical exercise may provide a rich source of mechanical loading. 13 Indeed, previous studies have demonstrated that regular loading exercise is effective in promoting bone mineral density (BMD) and bone geometry in older adults. [14] [15] [16] Moreover, low bone mass and unfavorable bone geometry reported in stroke survivors have been associated with several factors that could be potentially modified by exercise, including muscle weakness, 6, 7, [17] [18] [19] poor cardiopulmonary fitness, 7, 18 impaired walking function, 2, 3, 18 and reduced weight-bearing on the paretic side. 4 Therefore, exercises designed to target these stroke-related impairments may be a viable way to enhance BMD and bone geometry.
To date, only Pang et al 20, 21 have examined the effects of group exercise on BMD and bone geometry in people with chronic stroke, and their results showed that those who underwent a 19-week impact exercise program (eg, stepping, brisk walking) had better hip BMD and tibial bone geometry outcomes than controls. However, the participants in their study were from a highly selected group, with good balance ability and mild leg motor impairment. Additionally, a few falls were reported during the training sessions, indicating that such an exercise approach may inherently involve a risk of falls and could promote the very fractures that the intervention is intended to prevent. 21 Treadmill gait training with body weight support (BWS) has been gaining popularity in stroke rehabilitation. 22 In addition to its potential benefits on ambulatory function, [23] [24] [25] [26] treadmill training may also be a viable method to enhance BMD and bone geometry in individuals with stroke, for several reasons. First, it enables those with poor ambulatory and balance ability to repetitively practice complete gait-loading cycles without the risk of falling. 23 Second, it promotes an upright posture and thus more proper weight bearing through the affected leg. 23, 24 Third, intensive treadmill training could also improve cardiopulmonary fitness, 27 a factor significantly related to low hip BMD and unfavorable tibial bone geometry in people with stroke. 7, 18 To date, no study has inves tigated the effects of treadmill gait training on bone parameters in stroke survivors.
The purpose of this pilot study was to evaluate the effects of a 6-month treadmill exercise program on hip BMD and tibial bone geometry in chronic stroke survivors. As this was a pilot study, feasibility issues (eg, safety, acceptability of treatment) were also explored.
Methods

Study Design Overview
This pilot study used a nonequivalent pretest-posttest control group design to investigate the effects of intensive treadmill exercise in people with chronic stroke. The primary outcomes were hip BMD and tibial bone geometry, whereas the secondary outcomes were gait velocity, endurance, leg muscle strength, balance self-efficacy, and physical activity level.
Participants
Participants were recruited on a volunteer basis from 2 stroke self-help groups in the community. Each stroke selfhelp group has approximately 100 members, who are all individuals who survived a stroke. The inclusion criteria were the following: (1) diagnosis of a stroke resulting in hemiplegia, (2) more than 3 months since stroke onset, (3) living in the community, (4) able to walk for at least 10 m with or without supervision (walking aid could be used), and (5) able to tolerate physical activity for about an hour with intermittent rests. The exclusion criteria were the following: (1) unable to provide informed consent, (2) unable to follow simple verbal instructions, (3) dysphasia, and (4) other significant neurological, cardiopulmonary, or musculoskeletal diseases (eg, amputation) or any other contraindications to exercise.
In the first recruitment phase, participants were recruited to participate in the treadmill training program. Of the 15 individuals who volunteered to participate and who were screened, 1 person refused to join the program after initial screening, 1 person could not follow verbal instructions during the assessment, and 3 people had other significant orthopedic problems (eg, previous fractures, back pain). As a result, 10 people participated in the treadmill training program. Controls were recruited in the second phase, using the age range, male/ female proportions, and impairment level of the treatment group as reference criteria. This was done to ensure comparable baseline characteristics between the treatment and control groups; 11 controls were successfully recruited. Individuals who agreed to participate in the study were required to sign a consent form that was approved by the institutional review board. All procedures were conducted according to the Declaration of Helsinki for human experiments.
Participant characteristics at baseline are described in Table 1 . Overall, they had moderate to severe motor impairment in the paretic lower extremity. They also tended to have low hip BMD, with 16 participants (7 in the treatment group) having osteopenia (BMD T score < -1.0). The common habitual physical activities were leisure walking and some light household tasks (ie, low intensity; Table 2 ). No significant difference was found between the 2 groups in demographics ( Table 1 ) and any of the primary and secondary outcome variables ( Table 2 ) at baseline (P > .100).
Intervention
The treatment group underwent a 6-month intensive treadmill exercise intervention program (1-hour sessions, 2 sessions/ week, a total of 52 sessions) in a community rehabilitation setting. We chose this treatment duration because it requires a longer period of time to demonstrate exercise-induced bone changes. Almost all previous exercise trials on bone health in older adults or neurological patients were at least 6 months long, [14] [15] [16] 28 with some even lasting for 1 year or more. [29] [30] [31] During training, each participant wore a harness, which was connected to a BWS system. The amount of BWS could be measured and adjusted by the built-in high-low electrical device of the system (LiteGait system, Mobility Research, Tempe, AZ). Initially, approximately 30% of the participant's BW was supported to facilitate more equal weight bearing and gait symmetry. The amount of BWS used was reassessed in each session. It was reduced to a level such that the hemiparetic limb could still support the BW during the stance phase of gait (ie, without excessive knee flexion). The goal was to withdraw the BWS as soon as the participant was able.
The initial training speed was set at a comfortable speed as tolerated by each participant. The treadmill speed was reassessed during each training session and was increased by increments of 0.045 m/s (0.1 mph) as long as the participant was able to maintain the usual step length on the paretic side when walking at the higher speed.
Participants were allowed to use the handrails located at the front of the treadmill for balance as needed but not for weight support. If necessary, assistance was provided by the physiotherapist to facilitate the transfer of the BW onto the paretic side during the stance phase of gait to promote proper leg loading. The duration of walking was also gradually increased (up to 20 minutes) as tolerated. Intermittent 2-minute rest periods were given before resumption of exercise if a decline in gait performance was detected by the therapist or if requested by the participants. The session would be terminated in the event that the participants could no longer continue to exercise beca use of fatigue.
The treadmill exercise was preceded and followed by warm-up and cool-down exercises, respectively, which typically included gentle lower-extremity stretching, stepping exercises, or riding a stationary bicycle. On the other hand, the participants in the control group participated in their usual activities during the study period (eg, leisure walking, light household tasks; Table 2 ).
Outcome Measures
Information on demographics, medical history, and medications were obtained. Motor impairment of the leg and foot was measured by the Chedoke McMaster Stroke Assessment. 32 The rating was based on a 7-point ordinal scale, with a higher score representing better motor recovery (1, flaccidity; 3, marked spasticity and obligatory synergistic movements; and 7, normal movement speed and pattern). 32 All participants were assessed within 1 week prior to the intervention and again within 1 week after termination of the program. All bone measurements and analyses were performed at the Centre for Osteoporosis Care and Control by the same certified technician who was blinded to the group assignment. The measurement of secondary outcomes was performed by 2 well-trained research therapists at the university research laboratory. These assessors, however, were not blinded to group assignment because they were involved in the recruitment process. Hip BMD. Dual-energy X ray absorptiometry (Hologic QDR 4500, Hologic Inc, Waltham, MA) was used to scan the hip on the paretic side, yielding an areal BMD (g/cm 2 ) value of the total hip. This skeletal site was selected because the paretic hip was the most common site of fractures in the stroke population. 9, 10 The BMD value was compared with the young reference population and the T score was automatically generated. A T score between -1.0 and -2.5 indicated osteopenia, whereas a T score ≤ -2.5 indicated osteoporosis. 33 All procedures were conducted according to the guidelines as recommended by the manufacturer. 34 In terms of the precision of our scanner, the coefficient of variation was 1.0% for measuring total hip BMD.
Tibial BMD and geometry. Tibial BMD and geometry on the paretic side were measured by peripheral quantitative computed tomography (pQCT; Stratec XCT 3000, Pforzheim, Germany). In addition to volumetric BMD (mg/ cm 3 ), pQCT would provide valuable information on bone geometry, which is also an important determinant of bone strength. 35 The length of the tibia on the paretic side was measured according to the manufacturer's guidelines. 36 A scout view was obtained, and a reference line was positioned at the distal medical edge of the tibia. A cross-sectional scan of the 66% site (measured from the distal end) of the midshaft tibia on the paretic side (a cortical bone site) was obtained. This site was selected as the muscle belly (gastrocnemius) was the largest at this location. 37 Any effects of exercise training on cortical bone would be more evident at this site. An in-plane pixel size of 400 mm and slice thickness of 1.0 mm was used. For cortical bone analysis at the 66% site, a 480 mg/cm 3 threshold was used (Peel mode 1). The pQCT parameters of interest were total cross-sectional area (mm 2 ), cortical BMD (mg/cm 3 ), and cortical thickness (mm). The coefficient of variation for our pQCT scanner was 0.43%.
Gait performance. The GAITRite system (CIR Systems, Inc, Havertown, PA) was used to measure the gait velocity (m/s). Each participant was instructed to walk across the instrumented carpet at a self-selected speed, with walking aid as necessary. The data from 3 trials were averaged to yield the mean gait velocity. Our data also showed that this system was reliable in evaluating gait velocity-intraclass correlation coefficient ICC(3, 1) = 0.97 in individuals with stroke.
Endurance. The 6-minute walk test (6MWT) was used to measure walking endurance. 38 Participants were asked to walk along a 15-m walkway and cover as much distance as they could within 6 minutes, with walking aids as necessary. The total distance walked (in meters) was recorded. The 6MWT is a reliable assessment method to measure walking endurance in individuals with stroke (ICC = 0.99). 39 Leg muscle strength. Isometric strength of knee extensors and ankle plantarflexors were measured by handheld dynamometry (Nicholas MMT, Lafayette Instruments, Lafayette, IN). To test knee extensors, participants were instructed to sit upright in a chair with back support. The hips and knees were kept in 90° of flexion, with the thigh being stabilized by a strap attached to the chair. To test ankle plantarflexors, participants lay supine. The ankle was placed at a neutral position, whereas the lower leg was stabilized by the assessor's hand. After proper positioning, participants were asked to perform a maximal isometric contraction of the respective muscle groups. The data from 3 trials were averaged. The mean force values obtained (kg) from the 2 muscle groups were summed to yield a leg muscle strength composite score for each side. As muscle strength from the 2 muscle groups had similar values (Table 2) , the force values obtained from one muscle group should not have undue weighting on the composite score. Thus, it is reasonable to use the composite score to reflect overall leg muscle strength in these individuals. Hand-held dynamometry is a reliable method to measure leg muscle strength in individuals with stroke. 40 Our data also showed that its reliability was high for measuring leg muscle strength on the paretic (ICC(3, 1) = 0.94) and nonparetic sides (ICC(3, 1) = 0.85).
Balance self-efficacy. Balance self-efficacy was evaluated by the validated Chinese version of the Activities-Specific Balance Confidence Scale. 41 This instrument contained 16 items representing a range of indoor and outdoor activities that required varying degrees of balance ability (ie, walk up and down stairs, walk in a crowded mall). Participants were asked to indicate their confidence level in performing each activity without losing their balance by using a 0% to 100% scale, with 0% indicating no confidence at all and 100% representing complete confidence. 41 Physical activity level. Physical activity level was estimated by the modified version of the Minnesota Leisure-Time Physical Activity questionnaire. 42 The habitual physical activity that each participant most frequently participated in during the past month and its associated metabolic equivalent (MET) value were recorded-Level I: light intensity (eg, leisure walking, light household tasks, <4 METs); Level II: moderate intensity (household cleaning tasks, table tennis, 4-5.5 METs); Level III: heavy intensity (eg, cycling, tennis, >5.5METs).
Participant feedback. After completion of the training, feedback from the participants in the treatment group was obtained via an informal interview. They were asked whether they were satisfied with the training and whether they would be likely to continue with the program if it were offered in the future.
Statistical Analysis
Nonparametric statistics was used because the sample size was relatively small and the data did not fulfill the criterion of normality. 43 Mann-Whitney U tests and the c 2 statistic were used to compare the baseline characteristics between the treatment and control groups. The change score of each outcome variable was obtained (posttest value minus pretest value). To assess between-group effects, the change scores of the 2 groups were compared using the Mann-Whitney U tests. To assess within-group effects, the pretest and posttest scores were compared within each group by using Wilcoxon's signed-ranks test. We were also interested in determining the factors associated with improvements in bone parameters. For any bone parameters that showed significant improvement, Spearman's r correlations were used to assess the degree of association between the change score in the bone outcome and that in other relevant variables (eg, gait velocity, leg muscle strength). Statistical analyses were performed using SPSS v.16 (SPSS Inc, Chicago, IL). The significance level was set at .05 (2-tailed).
Results
Treadmill Training
The details of the treadmill exercise intervention are outlined in Table 3 . Generally, the participants had excellent attendance records (mean = 96%), and there were no dropouts. Most participants were able to walk without any BWS before the third month of the training. All of them were able to progress to a higher treadmill speed during the course of the training, with the final training speed ranging from 0.27 m/s to 0.98 m/s. All but one participant were able to walk for 20 minutes continuously at the end of the program. No adverse events were reported throughout the study period. All participants in the treatment group were satisfied with the program and expressed the wish that they would like to continue with the program after the study ended.
Primary Outcomes
Following the intervention/control period, cortical thickness at the 66% tibial site was significantly increased in the treatment group (P = .047) but not in the control group (P = .248), and the between-group difference in change scores was statistically significant (net effect size = 0.3; P = .018; Table 2 ). The total area and cortical BMD at the same tibial site as well as total hip BMD showed no significant change in either group (P > .05).
Secondary Outcomes
A significant increase in gait velocity (P = .022), paretic leg muscle strength (P = .005), and physical activity level (P = .046) was reported in the treatment group. On the other hand, a significant reduction in nonparetic leg muscle strength (P = .003) and balance self-efficacy (P = .041) was identified in the control group.
Overall, significant between-group differences in change scores were found for endurance (net effect size = 0.4; P = .029), muscle strengths of the paretic (net effect size = 1.4; P < .001) and nonparetic legs (net effect size = 2.1; P < .001), balance self-efficacy (net effect size = 0.9; P = .018), and physical activity level (net effect size = 0.8; P = .023; Table 2 ).
Factors Associated With Change in Tibial Cortical Thickness
The change score of cortical thickness was significantly correlated with that of paretic leg muscle strength (r = 0.508; P = .019) and physical activity level (r = 0.543; P = .011). The relationship between change in cortical thickness and change in endurance almost reached statistical significance (r = 0.424; P = .055).
Discussion
This pilot study showed that the 6-month treadmill training program was safe and well accepted by the participants. The treatment group had a significant but modest gain in tibial cortical thickness in addition to better secondary outcomes than the control group. Our results thus showed that habitual activities of light intensity (eg, leisure walking) may not be adequate to enhance bone parameters or prevent functional decline. More intensive intervention is justified for chronic stroke survivors.
Tibial Geometry
Tibial cortical thickness was significantly increased by 2.3% following the treadmill exercise intervention, whereas the control group showed no significant change. The magnitude of increase is very modest but remains well above the estimated measurement error (0.43%), indicating that the reported change reflects an improvement that is beyond that expected by chance. The magnitude of change obtained here seemed to be greater than what was previously reported in a stroke exercise trial by Pang et al. 21 In their study, those who underwent the 19-week exercise program (step-ups, brisk walking, and balance activities) only had a 0.4% increase in cortical thickness measured at the 50% tibial site, whereas the control group sustained a 0.9% decline, resulting in a significant between-group difference. Nevertheless, when taken together, the results showed that exercise training could maintain or induce modest bone gain in individuals with stroke.
An increase in cortical bone thickness is associated with An increase in paretic leg muscle strength. Increased muscle strength may enhance local mechanical loading to the bone, which is an important stimulant for osteogenesis. 12 Previous cross-sectional studies have shown a strong link between muscle strength/lean mass and bone mass in older adults and individuals with stroke. 7, 18, 44, 45 This is the first prospective intervention study to demonstrate such a link in people with stroke.
The increase in cortical thickness is also related to the increase in physical activity levels. The relationship between BMD and physical activity has been well demonstrated in previous studies. [46] [47] [48] The positive gain in leg muscle strength, endurance, and balance self-efficacy following treadmill training may augment the patients' motivation and capability to venture out and participate in physical activity. Apart from treadmill training, the resulting increase in physical activity itself may very well contribute to the bone changes observed. Why would treadmill training induce favorable bone changes? Intuitively, the use of BWS may reduce the ground reaction force and thus defeat the purpose of inducing bone gain. However, bone formation is not only related to the magnitude of the ground reaction force but also to the number of loading cycles. 12 Treadmill training with BWS enabled the individuals with more severe motor impairment to increase the amount of gait practice safely, which they could not do otherwise. The increase in loading cycles may thus contribute to the enhancement of tibial bone geometry. In addition, many individuals with stroke habitually adopt an asymmetrical posture, with excessive shifting of the body toward the nonparetic side. The use of BWS may promote a more upright posture and more proper loading of the paretic leg. 23, 24 Moreover, BWS was only used in the initial stage of training. It was withdrawn as soon as the participants were able to do without it.
Does the modest gain in tibial cortical thickness reported here have any implications for reduction of fracture rate? Currently, information on the relationship between pQCT parameters and fracture risk in humans is scarce. In studying human cadavers, Lochmuller et al 49 identified a significant correlation between failure load (the amount of force the bone could support before failing) of the proximal femur and cortical thickness of the tibial shaft (r = 0.48). Vico et al 50 found that tibial bone geometry, including cortical thickness, was the most useful in discriminating between healthy participants and patients with recent hip fractures. Although these findings seem to indicate that bone geometric parameters may have potential value in fracture prediction, it remains uncertain whether the change in cortical thickness observed and reported here could lead to a reduction in fracture risk. However, considering the presence of multiple fall or fracture-related risk factors (eg, poor balance, decreased muscle strength and sensation, and impaired vision) in people with stroke, any improvement in bone parameters is desirable. Animal studies have indeed shown that a modest amount of bone gain could substantially increase bone strength. For example, following a period of mechanical loading applied to the ulna of adult rats (360 cycles/d, 3 d/wk, for 16 weeks), a dramatic 64% increase in failure load was reported despite only a modest increase in bone mass (6.9%). 51 Further research is required to explore the relationship between tibial geometry and fracture risk in humans.
Hip BMD
Hip BMD showed no significant change following treadmill training. The finding is in contrast with the previous study by Pang et al. 20 In that study, hip BMD in the treatment group was well maintained following the 19-week exercise program, whereas that in the control group sustained a significant 2.5% decline. 20 There may be several reasons for the discrepancies in the results. First, our study may be underpowered to detect a significant change in hip BMD. Second, the exercise sessions were held more frequently (3 sessions per week) but for a shorter period of time (19 weeks) in the previous study. Additionally, although the use of BWS in the initial stages may promote proper gait patterns and allow the participants to walk at a higher velocity, we could not rule out that it may have muted a potentially large effect on BMD. Finally, the participant characteristics are different. The participants in the study by Pang et al had milder motor impairment (25% side-to-side difference in leg muscle strength) and better endurance (mean 6MWT distance >300 m) compared with the participants in our study (40% side-to-side difference in leg muscle strength; mean 6MWT distance = 214 m).
Limitations
This study has several limitations. First, the group allocation was not randomized. Although the participants in the 2 groups were well matched in all baseline variables, the results still need to be interpreted with caution because of the nonrandomized nature of the study. For example, those who chose to participate in the treadmill program may be more physically capable or motivated. Therefore, the changes in outcomes may have been related to the physical or psychological characteristics of the participants rather than the direct effects of the treatment itself. 43 Second, the reduced statistical power may partly explain the lack of significant findings in several variables. Third, dual-energy X-ray absorptiometry and pQCT only provide a static measurement of bone parameters. It may be appropriate to also measure the level of biochemical markers for bone turnover in future studies. It would not only allow us to evaluate the effects of exercise on bone within a shorter time frame but also give us valuable information on the dynamic processes of bone formation and resorption. 52
Conclusion
This novel pilot study showed that the treadmill program is safe, feasible, and may produce modest gains in tibial cortical bone thickness, in addition to other benefits in endurance, muscle strength, physical activity level, and balance selfefficacy. Further research is required to evaluate the effects of different protocols (eg, higher intensity/frequency, no BWS) on bone parameters before a randomized controlled trial is warranted.
